Degradable magnesium alloys for biomedical application are on the verge of being used clinically. Rare earth elements (REE) are used to improve the mechanical properties of the alloys, however in more or less undefined mixtures. Therefore in this study the in vitro cytotoxicity of the elements yttrium (Y), neodymium (Nd), dysprosium (Dy), praseodymium (Pr), gadolinium (Gd), lanthanum (La), cerium (Ce), europium (Eu), lithium (Li), zirconium (Zr), was evaluated by incubation with the chlorides (10-2000 µM), magnesium (Mg) and calcium (Ca) were tested at higher concentrations (200 and 50 mM, respectively). The influence on viability of human osteosarcoma cell line MG-63, human umbilical cord perivascular (HUCPV) cells and mouse macrophages (RAW 264.7) was determined, as well as the induction of apoptosis and the expression of inflammatory factors (TNF-α, IL-1α). Significant differences between the applied cells could be observed. RAW exhibited the highest and HUCPV the lowest sensitivity. La and Ce showed the highest cytotoxicity of the analysed elements. From the elements with high solubility in magnesium alloys Gd and Dy seem to be more suitable than Y. The focus of magnesium alloy development for biomedical applications should include most defined alloy compositions with well known tissue specific and systemic effects.
Evaluation of short term effects of rare earth and other elements used in magnesium alloys on primary cells and cell lines
Frank
Introduction
For biomedical applications there is a focus on tailored magnesium alloys with adjustable corrosion rates and suitable mechanical properties [1] [2] [3] . The most advanced clinical applications are biodegradable cardiovascular magnesium stents. They were successfully tested in animals 4 and first clinical human trials have been conducted [5] [6] [7] [8] . Magnesium alloys were also investigated for orthopaedic applications. They can be applied in various designs e.g. as screws, plates or other fixture devices. Openporous scaffolds made of magnesium alloys were introduced as load bearing biomaterials for tissue engineering 9, 10 . Moreover, elevated extracellular magnesium concentrations have been shown to be beneficial for cartilage tissue engineering 11 .
Most of the successful reports on in vivo application of magnesium implants are investigating magnesium alloys that contain rare earth elements. Especially, magnesium alloys for magnesium stents (WE43; W=Yttrium, E=rare earths), are containing rare earth element (REE) mixtures based on neodymium or cerium as hardeners. However, commercially available hardeners are not very well defined mixtures of almost any rare earth element which can also contain traces of impurities such as iron or manganese 12 . The contents of different elements of a neodymium based hardener are depicted in table 1.
Other interesting elements besides the REE are lithium (Li), zirconium (Zr) and calcium (Ca). Lithium enhances ductility and formability of magnesium alloys by changing the lattice structure from hexagonal close-packed to body-centered cubic. It is used in the aluminium-containing alloy LAE442 13, 14 . Zirconium is an effective grain refining agent in Al free magnesium alloys. It contributes to strengthening due to the formation of fine grains by grain boundary strengthening. Calcium improves the alloy's strength and creep resistance and acts as grain refining agent 12 . Moreover, it decreases the corrosion rate in trace amounts and is well tolerated in the human body since it is an essential cation. Therefore the addition of Ca should not lead to adverse reactions during material degradation.
REE are defined as a group of seventeen elements 15 . These elements are chemically classified by their ionic radii in three groups: (I) light REE from La to Pr, (II) medium REE from Nd to Gd, and (III) heavy REE from Tb to Lu. Their ionic radii are close to that of calcium, therefore all of these elements can act as calcium anatagonist [16] [17] [18] . REE in magnesium alloying are predominantly used for strengthening and to improve corrosion resistance 19 . neodymium is used in magnetic prosthetic devices 21 , lanthanum is administered as a phosphate binder ("Fosrenol") in chronic renal failure 22 and gadolinium based contrast agents are widely used in Magnetic resonance imaging (MRI) 23 .
Additionally, evidence is rising that many REE exhibit anti-cancerogenic properties [24] [25] [26] [27] . Therefore, magnesium alloys containing REE could be of particular interest for bone cancer treatments. Magnesium implants containing REE could provide multiple functions in one material: It could stabilize the bony defect after cancer surgery temporarily until the bony defect is healed and simultaneously it could prevent growth of remaining cancer cells.
However, during corrosion of implanted magnesium alloys there will be a release of the alloying elements which may induce toxic reactions dependent on the locally released element concentration or on systemic accumulation. Still for some of these REE such as dysprosium the available cytotoxicity data are sparse. Therefore, the aim of our study was to determine the effects of rare earth and other elements used in magnesium alloys for application in the skeletal system on a human bone cell line, mesenchymal stem cells derived from the umbilical cord and macrophages. Another aim was to compare the reaction of cell lines and primary cells.
Material and Methods

Analysis of element composition of WE43 alloy
WE43, a commercially available magnesium alloy (Magnesium Electron, Manchester, UK) was used to establish a precise method for the analysis of its elemental composition. About 1.5 mm thick discs of the alloy with an edge length of 1 cm were cut off cubes, their surfaces were polished with SiC abrasive paper followed by 3 minutes treatment with an ultrasonic bath in ultrapure water. The samples with a mass of about 0.25 g were then dissolved completely in a solution of about 5 ml ultrapure water to which ten times the sample weight of subboiled HNO 3 (65 wt%)
was added dropwise within a day to avoid the strong reaction normally taking place with concentrated HNO 3 . These solutions were diluted prior to the analysis with ICP-OES (Spectroflame and Spectro Arcos, Spectro Analytical Instruments, Kleve, Germany) by a factor of 2000. For each element signals from two lines were measured and the results were averaged from background corrected intensities.
Criteria for the chosen lines were freedom of interferences from other emission lines besides a good fitting sensitivity at the analysed concentration. The measurements were performed using a modified bracketing procedure, although the drift of the instrument did not exceed 1.5 % during the day and therefore a drift correction was not necessarily required. Recovery rates determined from standards containing all elements under investigation were found to be between 99.2 and 100.4 wt%, which demonstrates the high precision obtained with the described method.
Preparation of solutions of tested elements
The chlorides of the elements yttrium (Y), neodymium (Nd), dysprosium (Dy), Cells starting from the 5 th passage were used for experiments.
Isolation and culture of cells
MG-63 cells
Human umbilical cord perivascular cells (HUCPV)
Mesenchymal stem cells derived from Wharton`s jelly of the umbilical cord were isolated by a modified isolation protocol from Sarugaser et al. 
Biochemical analysis
MTT-assay for metabolic activity
Cell viability was analysed by MTT (methylthiazolyldiphenyl-tetrazolium bromide)
assay. In brief, cells were cultured as described in 96-well plates in 100 µL of the celltype specific medium. 10 µL of the MTT-solution (5 mg/mL MTT in phosphate buffered saline PBS) was added. After an incubation period of 5 hours the cells were lysed and the formazan crystals solubilized by adding 1 mL solubilization solution (10% SDS in 0.01M HCl; Merck, Darmstadt, Germany), followed by an incubation overnight in a humidified atmosphere (37° C, 5% CO 2 ). The solubilized formazan product was photometrically quantified using an ELISA reader (Tecan Sunrise, TECAN Deutschland GmbH, Crailsheim, Germany) at 570 nm with a reference wavelength of 655 nm. The same experiments were performed without cells to exclude an influence of the salt concentrations on the MTT-assay.
Tumour necrosis factor α (TNF-α) determination
Levels of TNF-α were measured with a sandwich enzyme-linked immunosorbent assay (ELISA) according to the manufacturers' instructions (R&D Systems, Wiesbaden, Germany). Briefly, 50 µL of standard, control, or sample were added per well in a 96-well plate. The samples were incubated for 2 h at room temperature, followed by two rinses in washing buffer to remove unbound substances. Then, 100
µL of an enzyme-linked polyclonal antibody were added to each well and incubated for 2 h at room temperature. After a second washing step, 100 µL of substrate solution was added to each well and then incubated in the dark for 30 min. The optical density of each well was determined using an ELISA reader at 450 nm with a reference wavelength of 570 nm. The sample concentrations were determined by comparison with a standard curve. All samples were assayed in triplicate.
Quantitative analysis of Interleukin 1 alpha (IL-1α)
Concentrations of IL-1α were determined by ELISA (R&D Systems, Wiesbaden, Germany). In brief, 200 µL of standard, control, or sample were added per well in a 96-well plate and incubated for 2 h at room temperature, followed by three rinses in washing buffer to remove unbound substances. Then, 200 µL of an enzyme-linked polyclonal antibody were added to each well and incubated for 1 h at room temperature. After a second washing step, 200 µL of substrate solution was added to each well and then incubated in the dark for 20 min. The optical density of each well was determined using an ELISA reader at 450 nm with a reference wavelength of 570 nm. The sample concentrations were determined by comparison with a standard curve. All samples were assayed in triplicate.
Cytotoxicity assay
To evaluate possible cytotoxic effect of the tested elements, a cytotoxicity assay was 
In vitro inflammatory response of RAW 264.7 macrophages
The determination of inflammatory reaction was analysed by the cytokine secretion of RAW 264.7 mouse macrophages. Therefore, 5 x 10 4 cells were seeded on 24-well plates (about 26.000 cells/cm 2 ) and allowed to adhere for 12 hours. Then the chlorides of the elements were added at a concentration of 500 and 1000 µM and incubated for 48 h at 37°C. After this incubation period the medium was completely removed and used for the analysis of tumour necrosis alpha and interleukin 1 alpha (see below). The medium was replaced and the MTT-test was performed according to the protocol to obtain cell viability data. LPS was used as positive control, cells on TCP served as negative control or standard.
Apoptosis assay
Apoptosis of MG63 cells was measured by the cell death detection ELISA (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions.
Untreated cells served as negative control to allow calculation of the enrichment factor of mono-and oligonucleosomes released into the cytoplasm. 2 x 10 5 MG63
cells were seeded in 6-well plates and allowed to adhere for 24 h. Then different concentrations (500, 1000, 1500 µM) of the elements Ce, Gd, Nd, Pr and Eu were added. La was administered at 250, 500 and 1000 µM, while Mg was supplemented at 10, 25 and 50 mM.
Statistical analysis
Statistics were performed using the SigmaStat package (Systat software GmbH, Erkrath, Germany). For the analysis of dose effects stepwise regression analysis was performed. Standard analysis comparing more than two treatments was done by using the one-way ANOVA. Depending on the data distribution either a one-way ANOVA or an ANOVA on ranks was performed. Post-hoc tests were Holm-Sidak or Dunn's versus the control group, respectively. Statistical values are indicated at the relevant experiments. 
Results
Alloy composition of WE43 alloy
Cell reaction to elements
Magnesium and Calcium
As a first attempt to examine differences in reaction of the different cell types Differences in cellular reactions were also observed for calcium, which was tested in the concentration range up to 50 mM. RAW showed a decrease in viability starting at 10 mM, at 50 mM less than half of the cells survived (43.587±4.096). The same trend was observed for MG63 with a higher viability at the end concentration (50 mM:
62.287±6.14), while HUCPV levelled at about 80% viability over the whole concentration range (50 mM: 78.713±3.45; figure 3 ). Regarding these results, RAW seems to be the most sensitive cell type when subjected to higher salt concentrations.
Zirconium and Lithium
HUCPV exposed to zirconium showed a slightly reduced viability over the whole concentration range (mean viability between 88.1 and 98.8%). The reduction was significant at the concentrations 20, 40, 70-90 and 800-2000 µM (ANOVA, p<0.05).
Such a reduction was not observed for the other cell types. In the tested concentration range lithium did not have an influence on cell viability in any cell type.
The analysis of the inflammatory response showed an intermediate production of IL-1α ( figure 5 ) and no increase in TNF-α (figure 6).
Rare earth elements
The analysed rare earth elements (REE) except Y belonged to three different groups:
(I) light REE containing La, Ce and Pr, (II) medium REE containing the elements Nd, Eu, Gd and (III) heavy REE containing Dy.
The viability data for the different cell types are summarized in table 3. As an overall finding it can be summarized:
1. the sensitivity of the different cell types was the same as observed for the other elements with RAW macrophages being the most and stem cells the least sensitive and 2. light rare earth elements showed cytotoxic effects already at lower concentrations than medium or heavy rare earths.
Lanthanum and cerium showed the earliest onset of toxic effects. One remarkable effect in MG63 was the steep decrease in viability in the millimolar range. While for all elements except cerium and lanthanum the viability at 1 mM was statistically still in the range of the control, viability at 2 mM was dramatically decreased to values below 25 % ( figure 4 ). This clear cut between 1 and 2 mM was not observable in the other cell types. RAW showed in most cases typical dose response curves with a sigmoidal slope, whereas HUCPV cells did not even reach the LD 50 dose for most of the elements. This effect is shown exemplarily in figure 5 , where the differences in viability of cells exposed to neodymium are illustrated.
In vitro inflammatory response
The selected assay for TNF-α showed already in the control on TCP a basic level of TNF-alpha production around 400 pg/mL. Levels of the analysed elements differed to both directions. An increase was observed for La (1 mM), Pr and Nd, while Ce, Dy, Eu and Zr showed decreased levels compared to the control (figure 5a). Due to different viabilities the data were normalized by calculating the relation between the TNF-alpha production and the viability data. Compared to the control these data showed that at a concentration of 500 µM elevated levels were observed for La, Pr, Nd and Y; Gd showed elevated levels at a concentration of 1 mM. The lowest influence was measured for Ce, Eu and Dy. However, it should be noted that the normalized TNF-alpha production of La at 1 mM even exceeded the observed production induced by LPS (figure 5b).
Based on the TNF-alpha results a higher probability of Interleukin 1-alpha secretion as late inflammatory marker was determined to be at higher concentrations (1 mM), except for La with its higher impact on cell viability (tested concentration: 500 µM).
The secretion of interleukin 1-alpha was low for all analysed elements compared to LPS (80 pg/mL). The highest concentrations were observed for Y and La, followed by Zr, Li, Dy and Gd. Ce and Eu induced nearly no secretion of IL-1α. Lanthanum therefore has to be classified as critical element, followed by praseodymium and neodymium.
Induction of Apoptosis
For the measurement of apoptosis MG63 cells were used. For magnesium there was a decrease in the enrichment factor measurable compared to the untreated cell control at 10 and 25 mM, while the addition of 50 mM Mg led to an enrichment factor comparable to the control (data not shown).
Due to its higher toxicity lanthanum was measured at reduced concentrations (250, 500 and 1000 µM). From the tested rare earth elements Ce, Gd, Nd and Eu showed a concentration dependent increase in apoptosis, while La and Pr showed a decrease in the enrichment factor. The most pronounced induction of apoptosis was induced by Gadolinium followed by neodymium, while the other elements only showed a moderate increase (figure 7).
Discussion
The presented work was performed to clarify two important questions in in vitro analyses: .
Gadolinium showed better tolerability for RAW and HUCPV, and the production of inflammatory markers was lower than observed for yttrium. In a study applying intraperitoneal administration of GdCl 3 the LD 50 for rats was 550 mg/kg. For the oral administration no acute toxicity was observed and only the liver of male rats was affected 42 . The toxicity can be drastically reduced by chelating agents such as EDTA, and therefore Gd-Chelates as contrast agent for magnetic resonance imaging (MRI) were introduced in the 1980's. In recent years there is rising evidence that these substances induce contrast agent induced nephropathy 23, 43 . REE with low solid solubility included in this study were Nd, La, Ce, Pr and Eu.
Except Eu all elements showed higher influences on the cell reaction than elements with high solid solubility. The results showed the largest influence of Ce and La on viability and inflammatory response, followed by Pr and Nd. Especially the light REE La, Ce and Pr are known to be hepatotoxic by inducing fatty liver 17, 48 . Pr is the most toxic element leading to animal death in comparable concentrations used for Ce, probably due to its low clearing rate 17 . However, a pretreatment with low doses can prevent the lethal effect nearly complete 49 . All these elements have been shown to induce chromosome aberrations in the mouse in vivo 50 . The in vitro study of Palmer 51 where pulmonary macrophages were exposed to La, Ce and Nd showed similar results: Ce was highly cytotoxic (LD 50 : 29 µM), followed by La (LD 50 : 52 µM),
whereas Nd showed only a slight reduction of viability. Eu was well tolerated in all analysed cells and its toxic effects are comparable to that of Y and Dy. The LD 50 measured in rats in vivo was reached at 550 mg/kg 52 . Eu is used as fluorescent marker designed for the cellular uptake and was tested in different cell types for this purpose without inducing major alterations [53] [54] [55] .
For all elements with low solubility there is the indispensable need for further insights into the release by a degrading alloy and accumulation kinetics in the body. Strict precautions should be taken when such elements are supposed to be added to magnesium alloys. However, due to the low solubility the amount of the elements is restricted and therefore the concentrations needed to induce cytotoxic effects may not be reached during degradation. Further investigations of the degradation kinetics are needed to determine the amount of element release and more important the product characterization. There might be a huge difference in toxicity or systemic reactions between ionic release and precipitation as e.g. phosphates or hydroxides.
Taking all results into account, a "matrix" for the tested REE for high concentrations could be developed, which is summarized in Table 3 : Viability of macrophages, osteoblast-like cells and stem cells exposed to different rare earth elements up to concentrations of 2 mM. Given are the initial inhibitory concentration (IIC), which is described as the first statistically significant drop in viability compared to the control and the lethal dose 50 (LD 50 ). n/a = no effect in the measured concentration range. 
